Atomic force microscopes provide unprecedented access to surfaces at the nanometer level both for imaging and for local surface modifications. Precise positioning, accurate control of interaction forces and speed are critical issues when operating these instruments. This paper summarizes how modern model-based control strategies lead to higher permissible imaging speeds, improved control over the interaction forces and better tracking of surface features compared with conventional proportional-integral-controlled atomic force microscopes. In particular, H 1 -and ' 1 -optimal methods are applied to control both lateral scanning motions and vertical positioning. Various experimental results verify the achieved performance.
Introduction
The atomic force microscope (AFM; see Fig. 1 ) [2, 18] , also called scanning force microscope, has developed into a very powerful, reliable and easy-to-operate tool to image and analyze surfaces with nanometer-scale resolution. The instrument is widely applied in the semiconductor industry for quality control as well as in solid-state and biological research. Furthermore, the original AFM suitable for tracing surface topography has led to many variants that additionally allow one to quantify local electric and magnetic properties as well as frictional forces.
All of these instruments rely on a micro-mechanical cantilever with integrated sharp tip brought into close proximity of the specimen (Fig. 2) . The spatially resolved specimen topography is measured while scanning the sample laterally under the probing tip. To this end, the cantilever deflection owing to the sample's topography is monitored. In contact mode, the tip permanently touches the specimen surface. Typically, the deflection of the cantilever and hence the interaction force between tip and sample is held constant in closed-loop operation (constant force mode). There are several possibilities to measure the cantilever deflection; the optical lever scheme as shown in Fig. 2 represents the most frequently used one. There the direction of a laser beam, which is reflected on the cantilever, is detected by a segmented photo diode and indicates the cantilever deflection. Changes in the deflection signal of the cantilever owing to the specimen's topography get compensated in the feedback-loop by varying the position of the piezo scanner (and thus of the sample) in the vertical (Z) direction. Up to now the vast majority of closed-loop AFM systems is operated by a proportional-integral (PI) controller. By recording the feedback-generated voltage applied to the Z-axis of the piezo scanner simultaneously with the lateral position of the sample, spatially resolved images of the sample surface can be drawn. The AFM allows one to image topography at high resolution, albeit only at relatively low speeds. The low scanning speed is mostly due to the limited bandwidth of the PIcontrolled AFM that is determined by the main dynamics of the piezo scanner. Depending on the settings of the PI controller, faster imaging either results in increased cantilever deflections around the setpoint value or leads to oscillations of the piezo scanner. In both situations the imaging forces vary, potentially causing damage to tip or specimen. Oscillations of the piezo scanner further distort the topography image. Hence, permissible scan speeds for a PI-controlled AFM are very low, typically a few lines per second, leading to acquisition times of several minutes for a single image. Such low scan speeds not only limit throughput but also hinder the observation of dynamic events on the specimen surface.
The detrimental effects of increased cantilever deflections may be alleviated using cantilevers with very soft spring constants. However, when imaging faster than allowed by the bandwidth of the PI controller, much of the fine details in surface topography get transferred into the so-called deflection or error signal that monitors the deviations from the setpoint value. Hence such details are attenuated or completely absent in the topography signal, i.e. the voltage applied to the Z-axis. In this situation, accurate reconstruction of the specimen surface structure from the topography and the deflection signal would necessitate extensive calibration procedures to characterize both frequency response of the instrument and mechanical properties of the specimen. In practice, AFM images acquired at scan speeds beyond the bandwidth of the controller are not corrected following such tedious procedures and, as a result, represent semi-quantitative height information only.
First efforts to improve the performance of scanning probe microscopes in Z-direction have been made by introducing high-frequency piezo segments to the probe [7, 12, 14] or scanner [11, 13] , or by implementing a modern model-based feedback controller [21] . However, multiple actuators in the vertical direction necessitate controlling the AFM in a nested feedback loop [28] , which in turn demands considerable knowledge from the AFM user when tuning the two competing PI loops. In contrast, the control strategy described in this paper does not contain competing feedback loops and still may be applied to multiple actuator systems.
In recent years, a number of groups have addressed the problem of AFM scanner control. We give some exemplary references here. Higher scan speeds have been achieved by compensating the lateral dynamics of the scanner piezo using an optimal inverse approach [3, 4] . Owing to the high order of the 
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controller model, the optimal inverse approach may take more computational power that is also required to run other applications on the same processor simultaneously, such as a model-based closed-loop controller operating in Z-direction. Other approaches are focused on improving the scan accuracy and speed of the AFM by closed-loop control [31] and by integrating lateral sensors into the scanning unit [6] . Performance improvements of a piezo positioner have been reported by utilizing robust control methods [17] and by introducing a robustifying loop shaping filter [16] . The modeling and control of motion axes coupling is addressed in Refs [8, 9] .
The remainder of this article describes some of our approaches to modeling, identification and control of an AFM system. In Section 2, a linear model for control purposes is derived using system identification techniques. To control the scanning motion (X-and Y-position) of the scanner, low-order open-loop control is used to suppress lateral oscillations as described in Section 3. In Section 4, vertical axis control of the scanner is addressed by a two degrees of freedom (2DOF) structure. Both H 1 and ' 1 methods are applied to improve upon PI controller performance significantly. The increased scanning speed and accuracy resulting from our control approach became evident from various experimental tests including biological and solid-state samples with greatly varying details. We conclude the paper in Section 5 with a short discussion.
AFM Modeling and Identification

Experimental Setup
The AFM under consideration in the following is a Nanoscope IIIa MultiMode AFM (Veeco, Santa Barbara, CA) using a ''J-class'' piezoelectric tube scanner. An external digital signal processor (DSP) DS1005 (dSpace, Paderborn, Germany) is employed for measurement of the input and output data as well as for implementation of the controller. For model identification, the tube scanner movements in Xand Y-direction are measured with a capacitive displacement sensor (Physik-Instrumente, Karlsruhe, Germany) mounted on top of the scanner. For identification in the Z-direction, the input to the AFM system is given by the voltage amplifier of the scan piezo, and the system output is the Z-signal of the segmented photo diode (Fig. 2) . Mica is used as specimen because of its hard surface and the ability to avoid surface contamination by cleaving the sample just before the experiment. The scanner's extension and retraction in Z-direction are detected by the usual AFM setup with a cantilever for contact mode.
AFM Modeling
Physical modeling of the AFM dynamics and tipsample interaction is considered in detail in Refs [21, 27] . Here we only give a brief abstract of the results therein. The modeling efforts consist of a model for tip-sample interaction, a model of the cantilever dynamics and a model of piezo dynamics. The interaction in the contact region of probing tip and sample is modeled as the interplay between the LennardJones potential and a modified Hertz force model in Ref. [21] and as a Derjaguin-Mu¨ller-Toporov (DMT) model in Ref. [27] , where both models clearly describe the non-linear behavior of the tip-sample interaction force (cf. [18] ). However for control purposes, usually a simple linear design model is favored. To this end, the tip-sample interaction can be regarded as a static feedback that affects the cantilever dynamics [27] . Furthermore in contact mode, the first resonance frequency of the cantilever is much higher than the control bandwidth, and the cantilever dynamics thus does not have to be taken into account in the control problem. Instead of modeling the piezo scanner based on first principles, an identification procedure is applied to obtain a linear model of relatively low order and sufficient accuracy.
System Identification
To obtain a control-relevant mathematical model of the AFM system, we perform a system identification as described in Ref. [21] . For hard samples and small height changes in the sample, the model reduces to the dynamic behavior of the piezo scanner and a gain factor describing the voltage amplifier and the deflection detection system as shown in Refs [19, 21] .
A band-limited white noise signal is chosen to excite the piezo scanner. Owing to the constant power spectrum of the white noise generated by the DSP system, the scanner is excited at all frequencies within the bandwidth of interest. The excitation and the response signals are recorded simultaneously by the DSP running at the same sampling time as subsequently used to implement the new controllers.
From the measured input and output data, a linear time-invariant model is calculated for each axis using a numerical subspace-based state space systemidentification algorithm [32, 33] . Details of the system identification for the Z-axis are described in Ref. [19] and for the lateral scan directions in Ref. [23] . As an example, the Z-axis model is described here briefly. The model order is set to 5 since a higher order does not reduce the modeling error substantially, but increases the calculation time of the model. Comparing the simulated model output for each axis with a separately measured set of validation data not used for system identification confirms that the dynamic behavior of the scanner piezo indeed can be modeled linearly. Figure 3 shows the good matching between simulation and measurement for dynamics in the Z-direction. The two curves for simulated and measured position fit very well showing only marginal, occasional differences. The Bode plot in Fig. 4 depicts the Z-axis model's fundamental resonance at a frequency of $ 8.5 kHz as well as an anti-resonance at $ 12 kHz. The model is low pass, stable and nonminimum phase. Typical nonlinearities of piezo material, such as hysteresis and creep, do not affect the dynamic behavior. In our commercial AFM system, hysteresis and creep in the X-and Y-directions are compensated electronically at the generation of the driving signals. In Z-direction the nonlinearity gets compensated by the feedback controller and is considered when displaying the topography data, i.e. the feedback signal. Fig. 3 . Validation of the identified scanner model in Z-direction by comparing the measured (solid) and simulated (dashed) position over time [19] . Fig. 4 . Bode plot of the identified scanner model in Z-direction [19] .
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Lateral Scanner Control
The lateral scan (in X-and Y-directions) is usually performed by applying a triangular voltage signal to the piezo tube, inducing a linear motion at a constant velocity, which is required, for example, for friction measurements. A limitation of the imaging speed is given by the lateral dynamics of the piezoelectric scanner. At scan rates higher than 8 Hz, the piezoelectric tube scanner starts to oscillate adversely along the fast scanning direction because higher frequency components of the drive voltage excite the scanner resonance. This resonant behavior impairs the tracking accuracy of the scanning piezo and can be compensated. Furthermore, these lateral resonances cause imaging artifacts owing to crosstalk between the scanning direction and the Z-direction. The crosstalk between these axes is composed of the coupling within the piezoelectric tube and the lateral bending of the cantilever.
Compensating the dynamic behavior of the piezoelectric tube scanner along the fast scanning direction reduces the crosstalk-induced errors caused by the piezo's lateral oscillations. Thus for the lateral scan directions, a linear controller is implemented to compensate these oscillations. This controller is open-loop since the considered piezo scanner is not equipped with sensors to measure lateral position when operating the AFM. The lateral controller is designed in the H 1 framework, similar to the Z-axis feedforward controller described in Section 4.2. The controller is an eighth-order model that, in order to save computation power, is balanced and reduced to order 3 without noticeable loss of performance. For details the reader is referred to Ref. [23] . The considerably improved performance of our AFM equipped with the open-loop controller is exemplified in Fig. 6(b) and (c) showing a direct comparison of the uncompensated scan with the compensated one at a scan rate of 61 lines per second. Distortions and cross-coupling of the scanner resonance into the Z-axis, hence the topography, are absent in the open-loop controlled scan [ Fig. 6(c) ]. In this example, the AFM is operated with the standard PI controller in Z-direction. Clearly, owing to the limited bandwidth of the PI controller, overall image quality at a scan rate of 61 Hz is inferior to the one at a slow scan rate of 2 Hz shown in Fig. 6(a) . For the considered AFM, the open-loop controlled system enables high-precision imaging of up to 125 m sized samples at a line scan rate of up to 122 Hz, which is $ 15 times faster than the commercial system.
Vertical Scanner Control
The high-order dynamics of the scanner piezo in Z-direction limit the PI feedback loop on the Z-axis to a bandwidth below 1.5 kHz. To improve over the resulting low performance, a special control structure tailored to the application at hand is presented. Then the application of two modern model-based controller design methods -H 1 -and ' 1 -optimal control -is described. The control goal is to suppress oscillations and overshoot of the piezo scanner movements and, thus, to achieve fast and accurate imaging.
2DOF Control Structure
In the proposed control structure, the Z-axis controller is split into a feedforward and a feedback part (Fig. 7) . The two parts are designed separately but implemented together to create a 2DOF Z-axis controller. The rationale for adding a feedforward controller to further improve the performance of an AFM is as follows. Since the images are acquired in a lineby-line fashion, topographic features on the specimen change gradually (if the lines are spaced closely enough) or, if steps occur, are smoothed by the threedimensional shape of the tip. Hence the knowledge that two adjacent scan lines are quite similar can be applied advantageously in a feedforward compensator, such that the feedback controller has to 
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compensate only for the difference between the previous and the current scan line. In all subsequent results, the H 1 compensation of the lateral scanning motion described in Section 3 is active.
H 1 Control of Vertical Scanner Position
In H 1 control [26, 34] one tries to find a controller minimizing the L 2 -gain
of a closed-loop operator T between disturbance w and output z ¼ Tw. Thus the worst-case energy gain of the system is minimized. It can be shown that, for a linear time-invariant operator, the L 2 -gain is equal to the H 1 norm of its transfer function. One reason for the popularity of H 1 control is the possibility to shape the closed-loop behavior in the frequency domain and, hence, to set meaningful specifications on the performance of the operated system. Furthermore, H 1 control allows the incorporation of good robustness properties of the closed-loop operated systems, particularly with respect to unstructured uncertainties in the plant model. For example, specimens of different mass shift the resonances of the scanner [23, 25] . Yet one should be able to operate the AFM without having to re-calculate the entire scanner model and the controller when changing the specimen.
Both the feedforward and the feedback controller are designed in the H 1 -framework as detailed in Refs [24, 25] . Mixed sensitivity synthesis is performed using frequency-dependent weights. The structure of the extended mathematical model for the design of the feedforward controller is shown in Fig. 8(a) . The weight W u1 of the manipulated variable is chosen to damp the resonance of the piezo scanner, whereas the weight W y1 for the control performance is set to low-pass characteristics to track the guidance signal at low frequencies and to reject modeling errors at frequencies beyond the bandwidth of W y1 . Figure 8(b) depicts the structure of the extended mathematical model for the design of the feedback controller. The weight W y2 of the complementary sensitivity function has high-pass characteristics to suppress measurement noise and achieve robustness against model uncertainties at frequencies beyond the closed-loop bandwidth. The weight W u2 for the manipulated variable is chosen to damp the fundamental resonance of the piezoelectric tube scanner. For fast tracking control and rejection of disturbances, the weight W e2 for the sensitivity function has low-pass characteristics and is increased in its bandwidth as much as possible under the condition that the output of the simulated step response of the closed-loop system settles without oscillations. The feedforward and feedback controllers are finally obtained by minimizing the H 1 norm between the exogenous inputs and outputs of the schemes in Fig. 8 .
Experimental results in Fig. 9 demonstrate how much the 2DOF controller reduces the measurement error at higher scan speed compared with the standard PI controller. The line scans are recorded on a calibration grating showing 530 nm deep-etched moats with a pitch of 3 m. Two improvements are apparent: first, the reduced overshoot at topographical steps; and second, the greatly reduced deflection signal that leads to less variation in the force applied during imaging. Steep edges on a scale much larger than the radius of the tip lead to slopes in the topography signal that represent the tip geometry. An AFM with a standard PI controller is not able to follow these slopes correctly. Instead there is a delay resulting in a constant control error, i.e. deflection signal, and a shift of the recorded topography with respect to the real one [19] . With the model-based 2DOF controller, the topographical slope is applied to the piezo scanner via the feedforward path. Hence the feedback controller maintains the desired imaging force with much smaller variations. Moreover, the shift between recorded and real topography is avoided. The robustness of the H 1 controllers also allows for fast imaging in liquid without having to re-model the AFM or to re-design the controllers [22] . The increased accuracy of the model-based controlled AFM even allows the scanning of samples with very small Fig. 8 . Structure of the extended mathematical model for the design of the H 1 feedforward (a) and feedback controller (b) [19] . topographical features as shown in Fig. 10 at higher imaging speeds.
' 1 Control of Vertical Scanner Position
In a related study, an ' 1 -optimal controller is designed and experimentally tested using the same AFM system and control structure as described above. In the ' 1 framework [5] , performance is measured in terms of the ' 1 norm, i.e. the maximum amplitude-or peaknorm. Its attractive features include the rejection of persistent exogenous disturbances, the possibility of direct and intuitive performance specifications in the time-domain, such as restricting the amplitude of the control error and incorporation of bounds on manipulated variables, to avoid actuator saturation. Mathematically speaking, in the ' 1 optimization problem, a controller minimizing the ' 1 -gain
of a closed-loop operator T between disturbance w and output z ¼ Tw is sought. It can be shown that, for a linear time-invariant operator, the ' 1 -gain is equal to the ' 1 norm of its impulse response matrix.
So far almost no experimental applications of the ' 1 design methodology have been reported in the literature [15, 29, 30] . Thus the main purpose of designing ' 1 controllers for the AFM is to apply this method to a challenging real-world problem. Thereby insight into the applicability of ' 1 controllers and into design procedures, weight selection, and implementation aspects is gained. To the best of the authors' knowledge, other applications of ' 1 theory to fast mechanical systems are not available. Moreover it is believed that ' 1 control is particularly well-suited for this kind of problem, since the task at hand is to provide low cantilever deflection amplitude and minimal overshoot during the scanning process. Similar to the previously described H 1 approach, the 2DOF structure in Fig. 7 is used for controlling the vertical scanner position and thus the cantilever deflection. Details are described in Ref. [15] . First, a second-order stable compensator is included at the plant input in order to smooth the magnitude curve of the Bode plot. The ' 1 feedback controller is designed including an integrator for asymptotic regulation, and using a weighted minimization of the deflection signal and the controller output amplitude [ Fig. 11(a) ]. Since the minimization in ' 1 -optimal control takes place in the time-domain, the weight selection has to follow different criteria than, for example, the frequency domain based approach of the H 1 method. Here all weights are set constant since dynamic weights do not improve the qualitative performance, but increase the controller complexity. An (almost) optimal controller of order 31 is subsequently approximated by a suboptimal 16th-order controller with a theoretical performance loss of $ 15%. Owing to the sparse structure of its controller matrices, which results in a manageable number of online computations, no further model reduction is carried out.
The feedforward filter, designed to track the last recorded scan line, is obtained via the setup in Fig. 11(b) . Again a constant weighting is used. To increase performance, additional direct time-domain constraints are imposed on the error overshoot and on the error decay in response to a unit step input. The resulting optimal filter is of order 4. In summary, the ' 1 design is straightforward since the weights and performance specifications have a direct and intuitive meaning -namely penalizing the maximum amplitudes of the control error or of the actuator signal, respectively. Furthermore, additional conditions on the overshoot and on error decay are incorporated in a direct quantitative way. Finally, the controller synthesis is easily performed using solutions to linear programs minimizing the ' 1 norm between exogenous inputs and outputs in Fig. 11 .
Experimental results demonstrate the performance of the ' 1 -controlled AFM system in comparison to a standard PI controller. A calibration grating with near vertical edge drop-off of 200 nm is scanned at different speeds. The controllers' performances are compared with a well-tuned PI feedback controller mainly based on the amplitude of the cantilever deflection signal. In Fig. 12 , the recorded images of the grating and the corresponding deflection signals are shown for a scanning rate of 10 lines per second. Corresponding cross section cuts in Fig. 13 display the obtained topography information and the cantilever deflection at one specific scan line. It is clear from Fig. 13(c) and (d) that the cantilever deflection exhibits considerably higher values in the PI-controlled case. A second set of experiments conducted at a scanning rate of 30 Hz is performed with a re-tuned PI controller and the same ' 1 controller as before. The results in Fig. 14 confirm the trends seen in Fig. 13 , especially in the topography signal.
This application attests the suitability of ' 1 -optimal controllers for challenging real-world problems. The time-domain based method can even cope with a system exhibiting strong frequency domain characteristics, oscillatory and non-minimum phase behavior.
The experimental results moreover demonstrate the superior performance of the ' 1 -controlled system compared with a well-tuned PI controller commonly used in commercial AFM products. Finally, the intuitiveness of performance specifications and weight selection is clearly visible. One disadvantage of ' 1 control, namely the generally high controller order, is circumvented by applying slightly suboptimal low-order controllers with a sparse matrix structure. Further performance enhancement is to be expected from a higher-order optimal controller. The necessary computation power is available in newer AFM generations equipped with field-programmable gate arrays.
A direct comparison between H 1 and ' 1 control is not possible here, since direct experimental tests with the same cantilever and specimen have not been carried out so far. Both methods have their advantages and drawbacks. The H 1 approach is well-suited for this kind of application since addressing the control problem based on frequency-domain behavior seems most appropriate. However, the ease of weightselection and almost complete absence of tuning are strong arguments for further investigation of the ' 1 methodology.
Conclusions and Discussion
This contribution gives an overview of advanced control strategies in atomic force microscopy, in particular for controlling the cantilever deflection and piezo scanner movements. The ingredients for achieving fast and accurate quantitative topography imaging of nanoscale samples are 3-fold: an open-loop compensation of lateral scanner oscillations makes it possible to use high imaging speeds and treat the vertical scanner control independently; a feedforward compensator for vertical scanner control tracks the last recorded scan line and, thus, uses already known information about expected similarities between adjacent scan lines; and a feedback controller compensates for differences between adjacent scan lines. The three parts of the control scheme are designed using H 1 and ' 1 techniques.
A number of experimental results on a commercial AFM verify that the presented approach allows one to improve considerably over traditional control strategies upon both scanning speed and measurement accuracy. In contact-mode atomic force microscopy, reduced control error translates into lower variations of the desired imaging force; hence, the entire process Fig. 12 . Scan direction is from right to left [15] . Fig. 12 . Scan direction is from right to left [15] .
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of imaging a surface becomes more gentle both for the tip and the specimen. Moreover, there is no need to remodel the AFM or redesign the controllers when changing samples as is the case with PI controllers used in commercial AFMs.
It has been shown that fast quantitative imaging with an AFM is feasible using modern model-based control. With modern control strategies available, the time has arrived to combine them with improved mechanical designs to obtain even better performing AFMs [1, 10, 20] .
